Anomalous small-angle X-ray scattering (ASAXS) of synchrotron radiation with X-ray energies near the Pt-L3 X-ray absorption edge was used to examine the size distribution of nanometer-sized catalyst particles in porous electrodes for electrocatalytic applications. Carbon-supported platinum electrocatalysts with 5--80 wt% Pt were studied in situ in an electrochemical cell with a 1 M sulfuric acid electrolyte. The anodic oxidation was found to shift the particle size distribution from a mean size of 1.7 nm in the reduced state to 2.1 nm for a 10 wt% Pt/C catalyst. From the size increase, one can infer the formation of oxide shells at the particle surfaces with layer thicknesses of about 1 nm. dispersion in the form of the particle size distribution and the support porosity.
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We performed anomalous small-angle X-ray scattering (ASAXS) measurements of carbon-supported Pt electrocatalysts. Anomalous scattering enables the separation of catalyst and porosity small-angle scattering contributions even for small catalyst atomic fractions of some 10 -3 (Haubold & Wang, 1995) . The aim of the study was to demonstrate that these studies are feasible even under in situ conditions in an electrochemical cell. For this purpose, we traced in situ, for the first time, the small changes in the particle size distribution which arise during the anodic oxidation in the electrolyte, when the catalyst particles become oxidized on their surfaces.
I. Introduction
Noble metal catalysts in electrodes for electrocatalysis are commonly manufactured on the basis of electronically conductive porous materials such as high-surface carbon, which supports the noble metal catalyst in the form of small nanometer-sized particles (see Fig. 1 ). For small particle sizes of the order of 2 nm, about half of the Pt atoms reside on the particle surfaces and are electrocatalytically active.
Small-angle X-ray scattering (SAXS) is a direct and preparation-free quantitative method to probe the internal electrode structure, i.e. the actual catalyst loading, its i .
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Anomalous small-angle X-ray scattering
The general theory of anomalous small-angle scattering can be found in text books and several review articles (Haubold, Gebhardt, Buth & Goerigk, 1994; Haubold, 1993; Materlik, Sparks & Fischer, 1994) . Only some basic equations which are needed for the evaluation of the measurements will be given here. For spherical Pt particles, the small-angle scattering cross section per sample volume V s is 00 dZ
Nn2 f P(R)V2(R)S(QR) dR
wherefp~ is the scattering amplitude of the Pt atom equal to the atomic form factor, N the number of particles, R their radius, V(R) = 4~z/3R 3 their volume, n the number density of Pt atoms within the particles and P(R) the size distribution of the Pt particles. IQI = 41r/2 sin e/2 is the scattering vector, e the scattering angle and 2 the X-ray wavelength. The influence of the surrounding matrix atoms (carbon, PTFE, electrolyte) with average atomic form factors fM and number densities n M on the scat-
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AO(V>T o 0 -1/n is the atomic volume of the Pt atoms within the f.c.c, particles and A the atomic weight of Pt. For the distribution of the particle sizes, a log normal size distribution was applied
From a least-squares fit to the measured Q dependence of the small-angle scattering cross section, both parameters, radius R 0 and width a, can be determined; for the fit of the catalyst loading mpt, a calibration of the scattering cross section into absolute electron units (e.u.) is required and was performed in the present study. However, a problem arises for the porous electrodes. There is an additional scattering contribution from the pores in the carbon support, which has to be subtracted prior to any further data evaluation.
The Q-4 dependence in (8) reflects the so-called Porod law which holds in the measured Q-range for the pores with pore radii Rpore > 4/Q > 40 nm. The scattering contrast results from the different form factorsfel,fg and number densities nel, nM of the atoms in the electrolyte and the matrix. The pore structure itself enters in form of its total inner pore surface Apore.
SAXS studies with a fixed X-ray energy, e.g. the characteristic radiation from an X-ray tube, do not allow one to separate unambiguously the catalyst scattering from background contributions which arise from the pores in the carbon support. The problem of separation, however, can be overcome in ASAXS experiments by use of the intense continuous energy spectrum of synchrotron radiation from storage rings (Haubold & Wang, 1995) . By tuning the incident photon energy close to one of the absorption edges of the Pt catalyst, its atomic scattering amplitude fet(E) can be varied up to about 20% (Cromer & Liberman, 1970) by anomalous scattering (see Fig. 2 ). This results in a decreasing scattering cross section dX/dOcat(E ) "~'f2(E) from the catalyst particles. The pore scattering cross section dZ/dOpore remains unchanged because the atomic form factors in the carbon, PTFE and electrolyte matrix have their absorption edges at much lower X-ray energies. From the difference of two ASAXS measurements at X-ray energies E 1 and E 2 dX dX dZ
is obtained. The particle scattering then calculates mr,t6 x 10 23 oo 
Experimental
E-TEK carbon-supported Pt (5-80 wt%) catalyst powder (E-TEK Inc, Framingham, USA) was mixed with 30wt% PTFE and deposited on 0.15 mm thick carbon paper as working electrodes for in situ potentiostatic and cyclic potential sweep studies in an electrochemical cell (see Fig. 3 ). The working electrode (WE) was a circular disc of the dispersed Pt/C electrode of geometric area 1.5 cm 2, the reference electrode was Ag/AgC1 (3mol) KC1 and the counter electrode (CE) was a Pt-Ir net with a hole of 5 mm diameter in its centre to allow for the X-ray transmission experiments. The electrolyte was 1 M sulfuric acid; an EG & G 263 A potentiostat was used for the potentiostatic and potential sweep studies.
The ASAXS measurements were performed with synchrotron radiation at the JUSIFA small-angle scattering beamline (Haubold et al., 1989) at the DORIS synchrotron radiation source in DESY (Hamburg). This beamline is designed especially for anomalous scattering studies and enables ASAXS studies to be undertaken for scattering vectors 10 to 10-1nm-1 in an energy range 4.5--35 keV with an energy resolution AE/E = 2 x 10 -4 and suppressed higher harmonics. This allows ASAXS and XANES studies near the Pt-L3 X-ray absorption edge at 11.5 keV.
Two X-ray detectors were used: a pin diode for the measurement of the incoming and transmitted primary beam intensities I 0 and I r and a two-dimensional position-sensitive multiwire gas proportional counter (MWPC) for the small-angle scattering intensity ISAXS. For each X-ray energy E, the total absorption coefficient #(E) ~, ln lo/I r and the radially averaged small-angle scattering cross section dX/df2(Q,E)= ISAXS/I 0 was calculated, the latter as a function of the modulus of the scattering vector Q. The experimental and data evaluation procedures are given in more detail elsewhere (Haubold et al., 1994) .
Results
Electrodes which were prepared from 5, 10, 60 and 80 wt% Pt/C catalyst powder were studied. Fig. 4 shows the Faradaic currents, as measured in cyclic potential sweep experiments. Between -0.2 and 0.1 V in the negative-going sweep, the Faradaic current reflects the absorption of hydrogen; in the positive-going sweep the hydrogen desorbes. The potential above 0.2V is the double-layer region. Here, the Pt particles reside in the metallic state. In the positive-going potential sweep, between 0.6 and 1.1 V, the Pt particles become oxidized at their surfaces and reduced again in the negative-going sweep (Bokris & Drazic, 1972) .
The anodic oxidation of the Pt particles in potentiostatic in situ ASAXS measurements was studied at a controlled potential 1.1 V versus Ag/AgC1. For comparison, ASAXS measurements were also performed for the catalyst in its reduced state at 0.25 V versus Ag/ AgCI. Pt-L 3 absorption edge. The scattering cross section at the smaller Q values is dominated by the pores within the carbon support, since no energy dependence is found. Different cross sections, however, are measured for the larger scattering vectors. This difference arises from the catalyst scattering and represents a Q dependence, which is expected for small particles with sizes in the nan®meter region. The solid lines are fits of log normal size distributions to the difference data. From the extrapolated forward scattering cross section, one determines the catalyst loadings. For the 10 wt% Pt/C electrode, e.g. a loading m R --1.8 mg cm -2 results; this compares very well with the value 1.7mgcm -2, which was obtained independently from the Pt-L3 absorption edge jump in the X-ray absorption spectrum of this electrode. Fits of log normal particle size distributions to the separated scattering cross sections for both the reduced and oxidized catalyst particles are shown in Fig. 6 , the resulting size distributions in Fig. 7 . For the 5, 10 and 60 wt% Pt/C electrodes, the anodic oxidation shifts the size distribution to larger sizes; for the 80wt% Pt/C electrode the expected shift is smaller than the experimental error.
A size increase of the oxidized Pt particles is expected, since the number density of Pt atoms within the oxide is reduced; i.e. by oxidation the Pt atoms move outward and the size distribution is shifted to larger particle sizes. For the 5% Pt/C electrode, a shift of the mean particle radius (R) = ~o R P(R) dR was observed from 0.85+0.01nm for the reduced particle to 1.04 + 0.03 nm. This corresponds to an increase of the mean particle volume (V) = (4rc/3) J'o R3 P(R) dR from 3.4 i 0.2 to 5.8 + 0.5 nm 3. The corresponding results for the 10wt% electrode are 0.86 +0.01 nm, 3.7 +0.2nm 3 for the reduced particles and 1.06 4-0.03 nm, 6.4 + 0.3 nm 3 for the oxidized particles. The mean particle radius of the Pt particles within the 60 wt% Pt/C electrode increases from 3.65 + 0.3 to 4.3 +0.3 nm, their mean volume from 280 + 70 to 390 + 80 nm 3. For the 80 wt% Pt/C electrode the values are (R) = 18 + 1 nm and (V) = 2.7 + 1 × 105 nm 3 for both the reduced and oxidized state. The errors, as given for both the average particle radii and volumes, were calculated from the sum of least squares in the weighted least-squares fit of dS/dt2¢a t as given in (5) and (6) to the separated catalyst scattering (12).
The separated small-angle scattering cross section from the pore structure can be used to determine the product of the scattering contrast times the total inner pore surface (8). This allows one to trace in situ the support corrosion e.g. in fuel cells after extended times of operation. As a feasibility study of this interesting application, Fig. 8 gives the separated pore scattering cross sections for a 10 wt% electrode in the as-prepared state and after several hours of operation at the carbon oxidizing potential 1.1 V versus Ag/AgC1 in our electrochemical cell.
To remove the Q-4 dependence of the Porod law, the cross section was multiplied by Q4 and plotted in the form of a Porod plot dZ/df2 Q4. Linear least-squares fits to the data points for the electrode before and after the 
With the use of (15) and the measured ratio ~t (0.86 nm)/ (3.65 nm), one can produce an estimate for the thickness of the oxide layer For the characterization of the oxide itself, one then calculates a number density npt_oxid "~ 0.6npt for the Pt atoms within this oxide. It is about half the value for Pt in its metallic state and indicates the formation of a PtO oxide at this potential. The formation of this oxide type is also expected from electrochemical and X-ray absorption spectroscopy studies (Conway & Jerkiewicz, 1992; Allen et al., 1995) .
Conclusion
With synchrotron radiation in the 10-20keV X-ray energy regime, noble metal carbon-supported electrocatalysts can be studied in porous electrodes for electrocatalytic applications. Anomalous scattering can be applied in small-angle scattering experiments to separate reliably and unambiguously the scattering of the catalyst particles from the background scattering, which arises from the porous carbon. Log normal size distributions for the catalyst particles as well as the total surface of the pores are obtained with high accuracy, even under in situ working conditions in electrochemical cells. This open up a new possibility for tracing in situ adsorbed intermediates during the course of electrocatalysed reactions and for studying the reaction mechanism (Haubold et al., 1996) .
The larger Pt particles in the 60 wt% Pt/C electrode are only partially oxidized, whereas the smaller particles in the 10% Pt/C electrode are fully oxidized. Pt/C electrode in the as-prepared state (O) and after hours of operation at an oxidizing potential 1.1 V versus Ag/AgC1 (A). The insert shows a 20% decrease of the extrapolated forward scattering, which is a measure of the total pore surface.
